Introduction
The phenomenon of neutrino oscillations, showing that neutrinos have masses, provides the first unambiguous microscopic evidence of physics beyond the Standard Model. The electroweak theory was confirmed with the discovery of the Higgs boson in 2012 at the Large Hadron Collider (LHC) and by further measurements of its properties. No signs of new physics have been found so far at the LHC even at its highest collision energies, indicating that, barring neutrino masses, the Standard Model provides a valid description of nature at least up to the TeV scale. It can thus be argued that the greatest challenge faced by experimental particle physics today is to answer the fundamental questions posed by neutrinos: the nature, hierarchy and absolute scale of neutrino masses; the possibility of CP violation in the neutrino sector; and the possible existence of right-handed neutrinos. Figure 1 : Left: summary of the particle states in the Standard Model, indicating lefthanded and right-handed fermions separately. All particles in this table have been experimentally observed. Right: three right-handed neutrinos N 1,2,3 are added and given Majorana masses below the electroweak scale to solve the problems of neutrino masses, dark matter, and matter-antimatter asymmetry in the Universe [1] .
Remarkably, the hypothesis of three right-handed neutrinos with Majorana masses below the electroweak scale (hereafter termed Heavy Neutral Leptons, or HNLs) in combination with CP violation in the neutrino sector can address at once the three fundamental questions of the origins of neutrino masses, dark matter, and the excess of matter over antimatter in the Universe [1, 2] (see Fig. 1 ). Being neutral with respect to the electromagnetic, weak, and strong interactions, HNLs are extremely elusive particles which could manifest themselves only through gravitational interactions and by mixing with neutrinos. This mixing is required to obtain small neutrino masses through the seesaw mechanism but needs to be tiny to generate matter-antimatter asymmetry and to evade existing experimental constraints. This means that HNL production in a laboratory would only be possible at the highest beam intensities [3] , in addition to the high beam energies required to access high HNL masses. The small mixing also leads to a long lifetime and a typical signature of a displaced decay.
The SHiP experiment
A promising strategy to search for HNLs with masses of the order of the GeV is production through hadron decays at high-intensity proton beam-dump facilities. Searches for displaced decays of HNLs with masses up to 0.4 GeV were made using neutrino production through pion and kaon decays, the most sensitive to date with the PS191 experiment at CERN [4] . Searches were also made using charmed meson decays to access masses up to 2 GeV, the most sensitive to date with the CHARM experiment at CERN [5] and the NuTeV experiment at Fermilab [6] . For higher HNL masses, up to 75 GeV, the best constraints come from an analysis of LEP1 data with the DELPHI experiment, where an HNL would be produced in a Z decay and detected as either a prompt or a displaced vertex [7] .
SHiP is a general-purpose fixed-target facility proposed at the CERN SPS to search for particles with very low couplings to the Standard Model [8, 9, 10] . The 400 GeV proton beam extracted from the SPS will be dumped on a high density target with the aim of accumulating 2×10 20 protons on target during 5 years of operation. It will produce a large number of neutrinos through hadron decays, following the same principle as that of the CHARM and NuTeV experiments. In particular, neutrinos from decays of hadrons containing c or b quarks can potentially mix with HNLs with masses up to 5 GeV. The charm production at SHiP, with an expected total of ∼ 5·10 16 neutrinos produced in charm decays, largely surpasses that of any other existing or planned facility, allowing to probe very small coupling strengths and resulting in the HNLs, if produced, to travel very large distances until they decay.
In its current design, the SHiP experiment comprises a target followed by a hadron absorber, a muon shield, a 50 m long, 5−10 m wide decay volume and a spectrometer similar to the LHCb detector, as shown in Fig. 2 . The active muon shield is a set of magnets designed to minimise the flux of muons entering the vessel while allowing to have the vessel as close as possible to the target [11] . The experiment as a whole is optimised to reconstruct and identify decays from new long-lived neutral particles and reject backgrounds which could mimic such decays [10, 12] .
An HNL signal in SHiP is characterised by opposite-sign tracks which cross inside the decay volume, containing at least one particle identified as an electron or a muon, and whose reconstructed parent particle trajectory has its origin at the production target. Backgrounds can possibly arise from neutrino interactions in the vessel, decays of long-lived neutral hadrons, and random crossings of charged particles entering the vessel. Neutrino production in the forward direction is reduced by stopping hadrons in a dense absorber before they decay, and neutrino interactions are minimised by evacuating the air in the vessel. The other types of backgrounds can be vetoed by surrounding the decay volume with tagging detectors. One additional handle to reject random crossings is to measure and match the arrival times of the particles forming the vertex with a high precision (100 ps resolution or better) using a dedicated timing detector. Simulations show that the combined use of the active muon shield, veto taggers surrounding the vessel, the timing detector, track momentum and pointing measurements, and muon-pion separation, can reduce the backgrounds to 0.1 events in a sample of 2 × 10 20 protons on target [10] . The experimental facility is also ideally suited for studying interactions of tau neutrinos. For this purpose, it will host an emulsion cloud chamber followed by a muon spectrometer upstream of the hidden-particle decay volume.
Heavy neutrino searches at the LHC
It is generally assumed that new particles accessible at the LHC with masses below 100 GeV would already have been discovered at the LEP, HERA and Tevatron colliders [13] . The HNL is an interesting exception. Neutrinos from W and Z decays provide the most efficient way to probe HNLs in the mass range 5 − 80 GeV. At previous colliders, they amounted only to a few millions and it was not possible to probe Figure 3 : Typical process by which a W boson would decay into a long-lived HNL by mixing with a neutrino. The prompt charged lepton is essential for triggering and the displaced vertex allows an efficient background rejection. The leptons from the W decay and the HNL decay can have either opposite or same charge due to the Majorana nature of the HNL, and they can be all three flavours depending on the HNL mixing matrix. The hadronic HNL decay mode (into a charged lepton and two quarks) and the leptonic mode (into two charged leptons and a neutrino) have their respective advantages and should both be considered in the search. coupling strengths below 10 −5 , corresponding to prompt decays for HNL masses above 2.5 GeV. Thus, in previous searches, the vertex displacement could generally not be used as a discriminant against backgrounds, which are important at hadron colliders due to large QCD cross sections. As a consequence, the best current constraints in the HNL mass range 2 − 75 GeV come from an analysis with the Delphi experiment at LEP1 using ∼ 10 6 neutrinos from Z decays [7] . By contrast, a total of ∼ 10 9 neutrinos from W boson decays were produced at the LHC (ATLAS and CMS) in run-1, and an additional ∼ 10 9 for every 15 fb −1 is being produced in run-2 in 13 TeV collisions since 2016. The process of HNL production through on-shell W s and its subsequent decay is illustrated in Fig. 3 . It offers two important advantages: the possibility to trigger on the prompt charged lepton from the W decay, and the possibility to efficiently reduce backgrounds by requiring a displaced (>few mm) vertex. Searches using displaced-vertex signatures performed so far at ATLAS [14, 15, 16, 17, 18] and CMS [19, 20, 21, 22, 23] considered the new neutral particles to be decay products of other particles more massive than a W , leading to high transverse momentum (p T ) displaced decay products. None of these provided any relevant sensitivity to HNLs due to the high-p T requirements on the particles from the displaced vertex or to the requirement that two displaced vertices should be reconstructed in the same event. However, these searches demonstrate that displaced vertices can be reconstructed with a reasonable efficiency in ATLAS and CMS, and that backgrounds that give rise to such displaced vertices can be kept under control. A well-designed analysis at ATLAS or CMS would be able to probe for the existence of HNLs with masses in the range 3 − 30 GeV with a sensitivity which largely surpasses existing LEP constraints and is relevant for BAU generation [24, 25] .
For masses higher than 30 GeV, HNLs produced through on-shell or off-shell W decays would decay promptly. For background reduction one has then to rely on their Majorana nature and require a signature of no opposite-sign same-flavour prompt lepton pairs [25] . Searches of this type were made in 8 TeV collisions at ATLAS [26] and CMS [27] , setting limits on the HNL mixing to muon neutrinos in the mass range 50 − 500 GeV. It should be noted though that the regions of masses and mixings probed using this strategy are not favoured by models of leptogenesis [28] .
Expected sensitivities
Assuming the layout of the SHiP experiment which is described in the technical proposal [10] , with 2 × 10 20 protons on target and acceptance and backgrounds with a basic event selection estimated from simulations, one obtains the sensitivity curve shown in blue in Fig. 4 . This is only a preliminary estimate as the experiment is still being optimised for a trade-off between cost and performance, but it indicates clearly that SHiP will be able to dig deeply into the most favoured regions of the parameter space.
The curves shown in red and purple in Fig. 4 show rough expected sensitivities of dedicated ATLAS and CMS analyses using the full LHC run-3 dataset with a signature of a displaced vertex or prompt no opposite-charge same-sign leptons, respectively. For the displaced-vertex signature, both leptonic and hadronic HNL decays are considered, with a reconstructed vertex mass cut set to > 4.5 GeV for the hadronic channel to reduce hadronic backgrounds. Other assumptions made are: zero background, 60% trigger efficiency, 20% vertex selection efficiency, and 50% efficiency for the final selection cuts. For the prompt analysis, the same assumptions as in Ref. [25] are made. While the efficiency and background assumptions still need to be confirmed with detailed studies, it is clear that dedicated HNL searches at the LHC will largely surpass the existing LEP constraints in the mass range 3 − 50 GeV.
Summary
The proposed SHiP experiment plans to use the CERN SPS high-intensity proton beam to probe the smallest possible HNL mixings to neutrinos -several orders of magnitude smaller than current limits in the 0.4 − 3 GeV HNL mass range. SHiP is widely recognised as an important complement to existing CERN programmes after LHC run-2. In a complementary manner, displaced-vertex signatures at ATLAS and [10] are assumed. For ATLAS and CMS at run-3 and high-luminosity LHC, 300 fb −1 and 3000 fb −1 of 14 TeV proton-proton collisions are assumed, respectively. U 2 is constrained from below by the observed neutrino masses and by primordial nucleosynthesis (BBN) [29] . Upper constraints on U 2 are shown for two different models accounting for baryon asymmetry in the Universe (BAU): model 1 uses one HNL for dark matter [29] while model 2 requires all three HNLs to contribute to BAU [30] . Direct [4, 5, 6, 7, 27] and indirect [31, 32] experimental limits are indicated as dashed green and brown lines, respectively. CMS allow to access higher HNL masses thanks to a high rate of W boson production. These two approaches offer unique opportunities to probe the existence of righthanded neutrinos below the electroweak scale by direct production and detection at the CERN laboratory within a 10-year time scale. The reward is potentially very high, as such particles can shed light on the mechanisms behind the observed neutrino masses and the generation of baryon asymmetry in the Universe. [18] ATLAS Collaboration, Search for long-lived, massive particles in events with displaced vertices and missing transverse momentum in 13 TeV pp collisions with the ATLAS detector , ATLAS-CONF-2017-026 (2017) .
